INTRODUCTION
Dolichol is a polyisoprenol component of cell membranes which contains up to 20 isoprene units, of which only the first is saturated. Its phosphorylated derivatives are involved as cofactors in glycoconjugate biosynthesis, and it is interesting to note that the fully extended polyisoprenyl chain is of much greater length than the 45 A (4.5 nm) width of the membrane. It has been proposed that the bulk of the chains are located between the leaflets of the lipid bilayer, with the a-terminal ends aligned parallel to the acyl chains of the lipids and the phosphate moiety interacting with the membrane surface. Such an arrangement may be necessary for the observed translocation of mannose from GDP-Man and for enhanced membrane fluidity [1, 2] . The [19, 20] , it would appear that Dol-P-Man is in some way the mediator for transfer of activated mannose from the cytoplasm to the endoplasmic reticulum lumen. It has also been suggested, based on studies on the reconstitution of Dol-P-Man synthetase into Abbreviation used: Dol-P-Man, dolichyl phosphate mannose.
t Present address: Ciba-Geigy UK Ltd., Manchester, U.K. § To whom correspondence should be addressed. liposomes, that the enzyme itself mediates translocation of Dol-P-Man [21, 22] . It has been suggested that the dolichyl moiety can be substituted by a phytanyl moiety in substrates for the assay of /3-mannosyltransferase and Dol-P-Man synthetase [23.24] . In addition, the effects of alterations of the length, the geometries of the double bonds and the C-3 enantiomeric composition of the polyisoprenoid chain and the requirement for saturation of the a-isoprenyl unit of dolichol on the activity of various enzymes requiring dolichol-linked substrates have been examined [25] [26] [27] [28] . Extending these previous studies, data are shown here from experiments in which a number of lipid phosphates, varying in length and extent of branching, have been tested as substrates for Dol-P-Man synthetase, with subsequent analysis of the products, in order to more fully probe the structural requirements of the dolichol binding site. EXPERIMENTAL Reagents GDP-[3,4-3H]mannose was obtained from New England Nuclear (Stevenage, Herts., U.K.), GDP-mannose, dolichyl phosphate, ammonium acetate, DEAE-Sephacel and 2-mercaptoethanol from Sigma (Poole, Dorset, U.K.), Tris from Gibco BRL (Paisley, Renfrewshire, Scotland, U.K.), methanol (h.p.l.c. grade) from Rathburn (Walkerburn, Peebles-shire, Scotland, U.K.), MgCl2,6H20 from Aldrich (Gillingham, Dorset, U.K.), Ultima Gold scintillation fluid from Canberra Packard (Pangbourne, Berks., U.K.), ion-exchange resins from Bio-Rad (Hemel Hempstead, Herts., U.K.), and QAE-Sephadex from Pharmacia (Milton Keynes, Bucks., U.K.). Lipid phosphates (other than dolichyl phosphate) were synthesized as described below.
Synthesis of lipid phosphates
S-3-Methyloctadecanyl phosphate was synthesized via the Wittig reaction from triphenylphosphonium lauryl bromide (prepared from lauryl alcohol) and di-t-butyl[S-3-methylhexan-6-al]-phosphate (prepared from S-citronellol by phosphorylation and ozonolysis) [29] . Phytol, lauryl alcohol, tetradecanol, Rcitronellol and S-citronellol were purchased from Aldrich (Gillingham, Dorset, U.K.). Phytanol (3,7,11,15-tetramethylhexadecanol) and R-and S-dihydrocitronellols (3,7-dimethyloctanols) were prepared by catalytic hydrogenation of the corresponding unsaturated alcohols [23] [23] . High-resolution mass spectra were recorded at the SERC Mass Spectrometry Centre, Swansea, on a VG ZAB-E high resolution instrument.
Preparation of yeast microsomes
Yeast microsomes were prepared by a modification ofthe method of Trimble et al. [31] . Saccharomyces cerevisiae (strain X-2180A) was grown in 4 litres of 2 % (w/v) malt extract and 0.1 % (w/v) yeast extract for 9-10 h (exponential phase) at 27 'C. Cells were harvested by centrifugation (6000 g, 20 min, 4°C) and washed twice with ice-cold Tris/Mg2+ buffer (50 mM Tris/HCl, 5 mM MgCl2, 10 mM 2-mercaptoethanol, pH 7.5). The cells were resuspended in 100 ml of wash buffer, filtered through muslin and disrupted in a French press (276 MPa; 40000 lbf/in2).
Deoxyribonuclease I (10 ,ug/ml) was added to the homogenate and cellular debris was removed by centrifugation as before. Microsomes were isolated by centrifugation of the supernatant (18 500 g, 50 min, 4°C). Aliquots were stored at -80 'C prior to assay for Dol-P-Man synthetase. Protein content was measured using a modification [32] 
DEAE-Sephacel anion-exchange chromatography
Anion-exchange chromatography ofaqueous and organic soluble radioactive material after Dol-P-Man synthetase assays was accomplished on a column of DEAE-Sephacel (1.2 cm x 11 cm), pre-equilibrated with 99 % methanol, by the method of Sasak et al. [33] . After sample application, the column was washed with five column volumes of methanol (0.6 ml/min). Lipid phosphates were eluted with 10 mM ammonium acetate in 99 % methanol (0.6 ml/min) and the column was then washed with 120 ml each of 50 mM and 500 mM ammonium acetate in 99 % methanol.
Hydrolysis of lipid-linked mannose
The saccharide components of glycosylated lipid phosphates were released by incubation in 20 mM HCI in 20 % (v/v) methanol (20 min, 100°C). After cooling, the incubation mixture was partitioned with chloroform and the aqueous phase was passed through a column with 200 ,e1 each of Chelex 100 (Na+ form, 100-200 mesh), AG5OW-X8 (100-200 mesh; HI form), AG3 X4 (100-200 mesh; OH-form) and QAE-Sephadex A-25. The saccharide was eluted with five column volumes of water, filtered (Anotop; 0.2 um filter) and the water removed by rotary evaporation.
Blo-Gel P4 gel filtration chromatography Gel filtration chromatography of saccharides was performed by the method of Yamashita et al. [34] on a water-jacketed (55°C) 1.5 cm x 90 cm column of Bio-Gel P4 (< 45 /zm). Samples were co-injected with a partial dextran hydrolysate (3 mg; prepared after dialysis against water by treatment with 1 M HCl at 100°C for 6 h, with subsequent passage through ion-exchange resins as above) and eluted with water. Degassed water was sparged continuously with helium and passed through a column of Chelex 100 (Na+ form; 100-200 mesh), AG5OW-X8 (100-200 mesh; HI form), AG3 X4 (100-200 mesh; OH-form) and BioGel P4 (65 + 20 ,im) prior to the injection loop. The flow rate was maintained at 0.2 ml/min (Waters 6000A chromatography pump). The refractive index of the eluant was monitored using a Waters 410 differential refractometer. Aliquots of each fraction were subject to scintillation counting, and elution positions of radioactive components were compared with those of the glucose oligomers recorded by refractometry and of separately run [3H]glucose.
Thin layer and paper chromatography T.l.c. was performed on Merck aluminium-backed Kieselgel 60F silica-coated plates (BDH, Poole, Dorset, U.K.). Under system 1, plates were run in n-propanol/14 M ammonium hydroxide/water (2:1:1, by vol.) and developed in 5 % (v/v) anisaldehyde in ethanol/sulphuric acid (18: 1, v/v) with heating. Under system 2, plates were run in n-propanol/acetone/0.1 M lactic acid (2:2: 1, by vol.) and developed in 0.2 % (w/v) naphthoresorcinol in ethanol/water/sulphuric acid (18: 1: 1, by vol.) with heating. Radioactive components were identified after removal of the silica, followed by washing with water and scintillation counting. Analytical paper chromatography of saccharides was performed under system 3 [butanol/ pyridine/water (10: 3: 3, by vol.)] for 36 h at room temperature.
Standards were stained with alkaline silver nitrate: chromatograms were first dipped in a solution of 0.1 ml of saturated silver nitrate in 20 ml of acetone and developed in a solution of 2 % (w/v) NaOH in methanol/water (19: 1, v/v). The presence of radioactive components in 1 cm strips was identified after soaking in water and scintillation counting.
RESULTS

Lipid phosphates as substrates for Dol-P-Man synthetase
As an initial test in the present study, yeast microsomes prepared as described were assayed for Dol-P-Man synthetase activity ( 21.9 A backbone). The latter has the same C-3 configuration as the natural dolichyl substrate [35] , whereas the former is unbranched and is only two methylene groups shorter than the backbone of phytanyl phosphate. Parallel assays with phytanyl phosphate indicated that only a small degree of mannosyl transfer above that of the background is observed in the presence of tetradecanyl phosphate, whereas incubations with S-3-methyloctadecanyl phosphate exhibited approx. 30 % of the incorporation found in the presence of phytanyl phosphate (Table 1 ). In addition, preliminary data with phytanyl, S-3-methyloctadecanyl and dolichyl phosphates indicated that lipidmediated transfer of mannose to endogenous protein occurred, as measured by incorporation into phosphotungstic acid-precipitable material.
As additional confirmation that S-3-methyloctadecanyl and phytanyl phosphates acted as substrates for the enzyme, E. coli clones with either plasmid pDM6 or YEp24 were grown and assayed for enzyme activity. pDM6 contains the yeast DPMJ gene [8] , whereas YEp24 is the same plasmid except that it lacks this insert. The pDM6 homogenate contained Dol-P-Man synthetase activity, as expected. Some transfer to endogenous lipids did occur at a low level in the pDM6 homogenate, similar to the levels obtained with the YEp24 homogenate. The results obtained indicated that both S-3-methyloctadecanyl and phytanyl phosphates act as substrates of the recombinant enzyme (Table 2) .
Analysis of lipid-linked Incubation products
The excess incubation mixtures remaining after 1 h time courses in the assays described above were retained for analysis by DEAE-Sephacel chromatography. In order to demonstrate that no mannosylated lipid phosphates were present in the aqueous phase, both the aqueous and organic fractions were analysed. Aqueous-(ag) or organic-(h-n) soluble fractions of incubations of yeast microsomes and GDP-Man in the presence of dolichyl phosphate (a, h), phytanyl phosphate (b, I), S dihydrocitronellyl phosphate (c, j), R-dihydrocitronellyl phosphate (d, k), S3-methyloctadecanyl phosphate (e, I), tetradecanyl phosphate (f, m) or no exogenousacceptor (g, n) were applied to a DEAE-Sephacel column. The column was washed with 60 nm of 99% methanol (fractions 1-10), 180 ml of 10 mM ammonium acetate (fractions 11-40) and 120 ml of 50 mM ammonium acetate (fractions 41-60).
Aqueous fractions contained 3H-labelled material that was eluted with 99 % methanol (Figures 2a-2g) and was found by t.l.c. to corun with mannose (system 1; RF 0.38). There was no evidence for incomplete partitioning of mannosylated lipid phosphates, since no water-soluble material present in any incubation mixture contained components that eluted with 10 mM ammonium acetate, which were the conditions under which Sasak et al. [33] (Figures 2h-2n) . Thus It has been claimed that citronellyl phosphate mannose (rather than its dihydro derivative) could be formed as a water-soluble product by Mycoplasma luteus undecaprenyl phosphate mannose synthetase [38] . However, the formation of the similar dihydrocitronellyl product by yeast microsomes is excluded by the present results from anion-exchange chromatography. In another eukaryotic system, the embryonic chick retina, citronellyl phosphate did not act as a mannosyl acceptor [39] , but the same study, at variance with many other investigations, did not find any incorporation above background with phytanyl, retinyl, ficaprenyl and other non-dolichyl polyprenyl phosphates. Indeed, retinyl phosphate had been considered to be a potential natural substrate for Dol-P-Man synthetase [40] [41] [42] , although retinyl, ficaprenyl, solanesyl and other a-unsaturated polyprenyl phosphates are significantly less efficient as cofactors in oligosaccharide biosynthesis than are a-saturated dolichyl phosphates [27, 28, 42, 43] . These lipids are no longer believed to function physiologically in glycoprotein biosynthesis, although the possibility of the occurrence of two lipid phosphate mannose synthetases [15] has not been conclusively discounted.
The role of the a-isoprene unit is of particular interest. The results indicating that S-3-methyloctadecanyl phosphate is a substrate, whereas tetradecanyl phosphate is not, indicate that C-3 methyl substitution is a virtually obligatory structural feature for a lipid phosphate to be an acceptor for Dol-P-Man synthetase. Also, since dolichol is unsaturated except in the a-isoprene unit, the only structural feature that S-3-methyloctadecanyl and phytanyl phosphates share with a dolichyl moiety is the asaturated isoprene unit.
The S-enantiomer of 3-methyloctadecanyl phosphate was synthesized since this is the 'correct' form: dolichols from a variety of natural sources have been found to be > 95 % in the S-form [35] . Even though rat liver polyisoprenyl phosphatase does not appear to distinguish between the R-and S-forms [26] , the indications from assays of Dol-P-Man synthetase, N-acetylglucosaminylphosphotransferase and Dol-P-Glc synthetase are that the S-form is preferred, with lower Vm..a values being determined for R-dolichyl phosphate [44] . Thus it would appear that the previously noted proposed dolichol binding site, elucidated by sequence similarities between various enzymes of oligosaccharide and glycoprotein biosynthesis [3], may have been adopted to accommodate the optical isomer of dolichol that is the predominant natural form. Indeed, this binding site can be traced back to eubacteria, as noted by Troy with E. coli polysialyltransferases [5] , and archaebacteria, since a recently characterized partial sequence of a putative Sulpholobus acidocaldarius dolichol pyrophosphatase [45] contains a 13-amino-acid region which could fulfil the consensus cnteria. It is possible that the 3-methyl substitution may be necessary in order for the acceptor to be in the correct orientation with respect to the catalytic domain.
In conclusion, the findings of this study demonstrate the importance of the a-isoprene unit in the binding of lipid phosphates to Dol-P-Man synthetase. The ability of the novel C19 mono-branched lipid to substitute for its dolichyl homologue would indicate that a minimum chain length and a 3-methyl substitution are the only necessary structural features for mannosyl acceptors, although further branching (as with phytanyl phosphate) increases the efficiency of incorporation. Such results could be applied further to chemoenzymic synthesis, as is being currently pursued [23] , or to examination of the translocation of mannose across membranes.
